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Abstract: 
 Networks of vertically c-oriented prism shaped InN nanowalls, are grown on c-
GaN/sapphire templates using a CVD technique, where pure indium and ammonia are used as 
metal and nitrogen precursors. A systematic study of the growth, structural and electronic 
properties of these samples shows a preferential growth of the islands along [ 0211 ] and 
[0001] directions leading to the formation of such a network structure, where the vertically 
[0001] oriented tapered walls are laterally align along one of the three [ 0211 ] directions. 
Inclined facets of these walls are identified as r-planes [( 0211 )-planes] of wurtzite InN.  
Onset of absorption for these samples is observed to be higher than the band gap of InN 
suggesting a high background carrier concentration in this material. Study of the valence 
band edge through XPS indicates the formation of positive depletion regions below the r-
plane side facets of the walls. This is in contrast with the observation for c-plane InN 
epilayers, where electron accumulation is often reported below the top surface.   
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I. Introduction 
 III-V semiconductor nitrides, such as GaN, InN, and AlN, are extensively studied for 
their applications in electronics and optoelectronics. Among these nitrides, Indium nitride 
(InN) has the smallest bandgap (~0.7 eV), which makes it potentially interesting for solar 
cells and infrared detectors [1,2,6-8]. Moreover, theoretical mobility of electrons at room 
temperature can be as high as 14000 cm2/V⋅s in InN [3], which is order of magnitude larger 
than that of GaN (1000 cm2/V⋅s) [4]. Another important parameter, which is the maximum 
drift velocity of the electrons at room temperature, can be as high as 4.23107 cm/s in InN 
[5] a value that is even larger than that of GaAs and GaN [5]. These properties make InN a 
potential candidate for applications in high frequency electronics.  
However, the growth of epitaxial InN layers is challenging. This is due to several 
reasons:  Firstly, the dissociation temperature of InN is very low, which allows only a narrow 
temperature window for the growth of this material to take place [9]. Second challenge is the 
unavailability of suitable substrate materials with sufficiently low lattice and thermal 
expansion coefficient mismatch with InN. For example, InN has more than 25% lattice 
mismatch with c-sapphire, which is the commonly used substrates for the growth of III-V 
nitrides. Even though, it is possible to grow InN epitaxial layers directly on c-sapphire 
substrates [10-12], the density of dislocations has been found to be much higher than that is 
typically found in GaN epitaxial films grown on the same substrates [13]. There are efforts to 
grow InN on AlN, ZnO and GaN templates deposited on sapphire or on Si substrates as the 
lattice mismatch of InN with these materials is less (~ 10%)[14]. Several groups [15-17] have 
indeed reported high quality continuous epitaxial InN films on c-GaN templates using 
molecular beam epitaxy (MBE) technique. Ng et al. have obtained two dimensional (2D) 
growth of c-InN layers on c-GaN templates by MBE technique at low growth temperatures 
and low Indium to nitrogen flux ratios.[16] However, high growth temperatures and high 
indium to nitrogen flux ratios result in the formation of 3D islands. Yamaguchi et al.[18] 
have reported the epitaxial growth of InN layers on GaN templates by metalorganic vapor 
phase epitaxy (MOVPE) route. These layers show lower density of structural defects as 
compared to InN films grown on sapphire and AlN substrates by the same technique. 
However, it should be noted that lattice mismatch of even 10%, which is typically the 
mismatch with these template materials, along with a significant thermal expansion 
coefficient mismatch could be sufficient to introduce a large quantity of strain in the grown 
InN lattice. Misfit dislocations developed due to strain relaxation can influence the surface 
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diffusion of adatoms and hence can affect the surface morphology in different ways for 
nitrogen and indium rich conditions. For example, there are reports of epitaxial growth of 
wedge shaped nanowall network of GaN on c-sapphire [19,20] and Si(111)[21,22] substrates 
under highly nitrogen rich conditions using MBE. It has been postulated that in nitrogen rich 
condition, misfit dislocations, which arise as a result of strain relaxation, influence the surface 
diffusion of adatoms in a way that edges of these defects act as the seed for nucleation of 
tapered walls [19,20]. This picture can explain the formation of a honeycomb like wall 
network structure [19,20]. It should be noted that wedge shaped nanowalls made of a polar 
semiconductor like GaN or InN are particularly interesting as these structures are predicted to 
have a 2D carrier gas (2DCG) channel formed at the central vertical plane of the wall, which 
could result in an enhanced carrier mobility[23]. In fact, high mobility and long phase 
coherence time for the electrons have been recorded in wedged shaped GaN nanowall 
networks [24,25]. It will be interesting to explore whether such tapered nanowalls of InN can 
be grown on c-GaN templates utilizing the strain relaxation effect.   
 In this work we have studied the growth of InN on c-GaN/sapphire templates using a 
CVD technique, where pure indium and ammonia are used as metal and nitrogen precursors, 
respectively. Network of vertically c-axis oriented prism shaped InN nanowalls, are found to 
grow on these templates. Structural and electronic properties of these samples are 
systematically explored. The study shows that a preferential growth of the islands along 
[ 0211 ] and [0001] directions leads to the formation of a network of vertically [0001] oriented 
tapered walls, which are laterally align along one of the three [ 0211 ] directions. The inclined 
facets of these walls are identified as r-planes [( 0211 )-planes] of wurtzite InN.    
II. Experimental details 
InN epitaxial layers were grown by chemical vapor deposition (CVD) method on c-
GaN/sapphire template in a tubular furnace with a quartz tube reactor. Prior to the growth, 
substrates were cleaned by sonicating it successively in Trichloroethylene (TCE), Acetone, 
and Methanol in an ultrasonic bath for 5 min each before dipping it in HF:H2O (1:10) 
solution for one minute. Subsequently, the substrates were rinsed in methanol and dried. A 
quartz boat containing a cleaned substrate placed above the high-pure indium metal (99.99%) 
was kept at the center of the furnace. The quartz tube was evacuated and purged several times 
with high pure argon (99.999%) at 200 standard cubic centimeters per minute (sccm) for 20 
min and later the rate ( Ar ) was adjusted to a certain value and allowed to continue till the 
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end of the growth process. Temperature of the furnace was ramped at a rate of 22 °C/min 
until it reached the desired growth temperature GT . When the furnace temperature reached 
200 °C, ammonia (99.999%) was allowed to flow into the reactor at a certain flow rate 
3NH
  
and continued till the end of the growth. The flow rates of argon and ammonia into the 
reactor were controlled through mass flow controllers (MFC). GT  was maintained at a fixed 
value for certain growth time Gt  before the cooling process was initiated. The furnace was 
allowed to cool naturally to the room temperature. When the furnace was cooled down to 200 
°C, ammonia was switched off. Sample was taken out from the reactor at room temperature 
under the flow of argon. Several samples were grown with growth time Gt  ranging from 1 to 
5 h at GT  of  550 °C, with argon and ammonia flow rates of 100 and 40 sccm, respectively. 
High resolution X-ray diffraction experiments were performed using a Rigaku SmartLab 
diffractometer utilizing Cu Kα radiation. Wide angle  2  scans were carried out for 2  
ranging from 20° to 80°. To understand the orientation and epitaxial quality, in-plane ( -
scan) and out-of-plane ( -scan) measurements were carried out for ( 0110 ) and (0002) 
reflections, respectively. Here, the  -scan of ( 0110 ) plane was performed in in-plane 
geometry by keeping 2 = 29.4° [Bragg angle for ( 0110 ) reflection] and lifting source and a 
wide open detector up by a small angle of 0.25. The surface morphology for all these 
samples was analyzed by scanning electron microscopy (SEM). Band-edges of the InN 
samples were estimated from optical-absorption measurements using Lambda 950 
UV/Vis/NIR spectrophotometer. Raman spectra were recorded over a scan range of 100–800 
cm−1 in a backscattering geometry using 514.5 nm line of an Ar-ion laser. XPS study of these 
samples was carried out using MULTILAB from Thermo VG Scientific using Al K-α line as 
the x-ray source. Binding energies were calibrated using carbon C1s peak (284.6eV) as a 
reference standard. 
III. Results and discussion: 
1. Surface Morphology  
Figure 1 compares the top view SEM images of the samples grown for (a) 1 h, (b) 3 h 
and (c) 5 h. In case of one hour grown sample, formation of faceted islands are quite evident. 
Many of these islands are hexagonal pyramid shaped, suggesting that they are grown along 
[0001] direction. In fact, symmetric x-ray diffraction (XRD) study (discussed later in Fig. 2) 
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confirms the [0001] vertical orientation of the islands. Furthermore, in-plane XRD  -scans 
for ( 0211 ) and ( 0011 ) planes are carried out on these samples in order to investigate the in-
plane crystalline orientation, which has been discussed later in Fig.3. This study reveals that 
the base lines of the facets for all these pyramidal mounds are oriented perpendicular to 
[ 0011 ] directions of wurtzite InN lattice. A careful inspection also reveals that the islands 
are elongated along one of the three [ 0211 ] directions. This is quite evident from the inset of 
the panel (a) where an elongated island is shown in an extended scale. In case of 3h [panel 
(b)] and 5h [panel (c)] grown samples, only connected network of tapered walls can only be 
seen. Cross sectional view of these walls is shown in the inset of panel (b). Triangular cross-
sections of the walls is evident from the figure. Both the side facets of a wall are measured to 
be inclined at an angle of 58˚ with respect to the substrate surface. In fact, this inclination 
angle is found to be the same for all the walls investigated here. Note that the angle between 
r- and c-plane of wurtzite InN is 58˚. This finding suggests that the side facets of the tapered 
walls must be r-plane ( 0211 ) of wurtzite InN. From panel (b) and (c) it is clear that these 
tapered walls are elongated along one of the three [ 0211 ] directions, which is more evident 
from the inset (ii) of panel (c) of the figure representing the fast Fourier transform (FFT) of 
the image of panel (c), which shows three clear maximum-intensity-lines oriented 
perpendicular to the three [ 0211 ] crystalline directions marked with arrows in the image. 
This finding along with the inset of panel (a) suggest that the islands are elongated along 
[ 0211 ] directions. This indicates a faster growth along one of the three [ 0211 ] directions as 
compared to other lateral directions. From these figures, it appears that at the beginning, these 
nucleation cites elongate themselves along one of the three [ 0211 ] directions, which is 
randomly decided [see panel (a)]. Interestingly, however, on the substrate plane these islands 
continue to grow along the direction of their initial elongation resulting in the formation of 
long islands [Inset of panel (b)]. This type of lateral growth along with the vertical growth 
lead to the formation of a network of wedge shaped walls. It should be noted that the side 
facets of these islands are found to be r-planes. It is plausible that the growth on these planes 
is much slower than [ 0211 ] and c-directions. This might be the reason for the growth of 
prism shaped islands. 
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Figure 1 Top view SEM images of the samples grown for (a) 1 h (b) 3 h (c) 5 h, Insets of 
panel (a) shows the expanded SEM image of an elongated island, inset of panel (b) shows the 
cross sectional SEM image of the sample, inset (i) of panel (c) shows the top view SEM 
images recorded at higher magnification of the samples and inset (ii) of panel (c) shows fast 
Fourier transform (FFT) of the image of panel (c). 
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2. Structural Studies 
Figure 2 shows the high-resolution wide-angle XRD (ω-2θ) profiles for InN grown on 
GaN/sapphire templates for different growth times. In all cases, peaks at 31.3° and 65.4°, 
which correspond to (0002) and (0004) reflections for the wurtzite phase of InN are present. 
Reflections related to any other planes could not be detected. This clearly suggests an 
epitaxial growth of InN layers along c-direction.  
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Figure 2 High-resolution wide angle XRD (  2 ) profiles for InN grown on c-
GaN/sapphire templates for 1h (black solid line) and 5h (blue solid line).  
Figure 3 shows the rocking curve for (0002) reflection recorded for the 5 h grown 
sample. Full width at the half maximum (FWHM) for the rocking curves  is found to be 
0.27, which is comparable to that is reported for our epitaxial InN layers grown on c-
sapphire substrates [9]. Average angle of tilt ti  as well as the lateral coherence length IL  for 
the grains, which are in this case of nanowalls, can be estimated using the relation [26,27]: 
                                         Iti L2/9.0/sin/sin                  (1) 
where  and   are the FWHM and the Bragg angles associated with the rocking curves for 
(0002), (0004) and (0006) reflections.  /sin   Versus  /sin  plot, which is also called 
the Williamson Hall plot, is shown in the inset of the figure. A straight-line fit yields ti  =  
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0.0046 rad and IL  = 954 nm. It has to be noted that, ti  and IL are estimated to be 0.0103 rad 
and 302 nm, respectively, for InN epitaxial layers grown on sapphire substrates at similar 
growth conditions [10]. 
 
 
 
 
 
 
 
 
 
 
Figure 3 Rocking curve for the (0002) reflection. Inset shows the Williamson Hall plot for 
the same and its higher order reflections. 
Figure 4(a) shows the wide angle  -scan for ( 0110 ) plane performed in the in-plane 
geometry for the same sample. Appearance of six equidistant peaks suggests a good in-plane 
crystalline orientation of the walls. Unequal intensity of  -scan features may indicate a non-
uniform distribution of the nanowall density over the surface. Figure 4(b) shows the ( 0110 ) 
 - rocking curve for the same sample. FWHM of the peak is  
found to be 0.67. Average angle of twist tw  and coherence length along c-direction vL  for 
the nanowalls can be obtained from the Williamson Hall plot for ( 0110 ), ( 0220 ) and 
( 0330 ) reflections following a similar equation as eq. (1).  Such a plot is shown in the inset 
of Fig. 4(b). Fitting the data with a straight-line yields tw  = 0.01 rad. and vL =250 nm. It has 
to be mentioned that, tw  and vL are estimated to be 0.026 rad and 677 nm, respectively, for 
InN epitaxial layers grown on sapphire substrates at similar growth conditions [10]. 
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Figure 4 (a) Wide angle  -scan for ( 0110 ) planes performed in the in-plane geometry for 
the same sample. (b)  -rocking curve ( -scan within a narrow range). Inset of (b) shows the 
Williamson Hall plot for ( 0110 ) and its higher order reflections.  
Strain in the grown structure can be obtain from the FWHM associated with the 
 2  and   2  scans recorded for the symmetric and the vertical planes respectively 
following a relation, which is similar to Eqn. (1) [28].   
D/9.0/sin4/cos                          (2)             
where  and   are the FWHM and the Bragg angles associated with the  2  (   2 ) 
scans for the symmetric(vertical) plane and its higher order reflections. l ( v ) is the lateral 
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(vertical) strain in the lattice. D is the mean crystallite size. Figure 5 shows such Williamson 
Hall plots for (0002) plane (symmetric plane) and its higher order reflections (Plot-I) as well 
as for ( 0110 ) plane (vertical plane) and its higher order reflections (Plot-II). A straight-line 
fit of Plot-I returns the strain along the c-direction to be v  = 0.00056 and crystallite size of 
41 nm. A similar analysis of Plot-II yields the lateral strain to be l  = 0.000355 and 
crystallite size of 20 nm. Note that, v  and l are estimated to be 0.00103 and 0.00164 for the 
InN epitaxial layer grown on sapphire substrate at similar growth conditions [10]. 
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Figure 5 Williamson Hall plots for (0002) and its higher order reflections obtained from the 
 2  scans (Plot-I) as well as for ( 0110 ) and its higher order reflections obtained from the 
  2  scans (Plot-II). 
3. Electronic properties  
Figure 6 (a) compares the Raman spectra recorded for a bare c-GaN/sapphire template 
and the InN nanowalls grown on the same template. Raman spectrum for an InN epitaxial 
layer grown on c-sapphire substrate by the same technique is also shown in the figure. E2 
(high) and A1(LO) characteristic modes for InN are clearly observed at 489.6 cm
-1[29] and 
590 cm−1[30], respectively. Absence of any other Raman feature in the back scattered Raman  
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Figure 6 (a) Raman spectra for the InN nanowall sample grown on c-GaN/sapphire template 
for 5h (red solid line), a bare GaN/Al2O3 template (blue solid line) and an InN epitaxial layer 
grown on sapphire substrate by the same technique (black solid line) (b) Photo absorption 
profiles for these samples. 
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spectra for both the InN samples strongly suggest a c-directional growth of the material in 
both the cases, which is consistent with the observations of Fig. 2 and 4. Figure 6 (b) 
compares the photo-absorption profiles for the same three samples. It clearly shows an onset 
of absorption at around 1 eV for both InN samples. The oscillation observed in the absorption 
profile of InN grown on c-GaN/sapphire template corresponds to the interference of light at 
the surface and interface of the GaN layer. Note that the same oscillation is observed in case 
of the bare template as well. Blue shift of the absorption edge with respect to the band gap of 
0.7 eV [2] of InN suggest a degenerate nature both for the InN nanowalls and the continuous 
layer. 
 Figure 7 shows XPS spectra recorded at the valence band edge for the InN nanowall. 
Note that the zero energy corresponds to the position of the surface Fermi energy. At the 
surface, the valence band maximum is estimated to be located at 0.4 eV below the surface 
Fermi level ( FSE ). InN has a band gap of 0.7 eV at room temperature [29], which means that 
the surface Fermi level is laying 0.3 eV below the conduction band minimum ( CE ) in these 
samples as shown schematically in the inset of Fig 7. Position of Fermi level below the 
conduction band suggests depletion of electron on the surface of nanowall. It should be noted 
that, in case of c-InN epitaxial layers grown on c-sapphire substrates, the conduction band 
minimum has been found to lay below the fermi level at the surface. In fact, similar result has 
been reported by many groups for c-InN epitaxial films [31,32]. Note that the side facets of 
these walls are identified as r-planes (see Fig.1). While the c-surface of InN is associated with 
a surface accumulation of electrons, r-surface results in the formation of a depletion region 
below the surface. Note that the effect of surface accumulation of electrons in case of c-
surface has been explained in terms of certain donor like surface states, which might be 
resulting either from the reconstruction of the dangling bonds or adsorption of impurity 
ions/molecules on the c-surface [33,34]. One plausible reason for the formation of depletion 
regions below the r-plane side facets of the walls is the spontaneous polarization effect, 
which can attribute a net polarization of rP cos  on the side facets, where P is the 
polarization and 
o
r 58 , the angle between the r- and c-planes. P = -0.032 C/m
2 for indium 
polar InN [35]. Considering, In-polar growth of the walls, one can expect polarization 
induced negative charges on the side facets of the walls. These negative charges can push the 
electron cloud of the unintentionally n-type InN nanowalls towards the center resulting in the 
formation of positive depletion regions below the surface of the walls. This scenario has been 
theoretically investigated in case of c-axis oriented wedge shaped GaN nanowalls [23]    
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Figure 7 XPS spectrum recorded at the valence band edge for InN nanowalls grown on 
GaN/Al2O3 substrate for 5h. Inset: schematic representation of the band bending at the 
surface. 
IV. Conclusion: 
Network of vertically c-axis oriented prism shaped InN nanowalls, which are 
elongated along one of the six ]0211[  directions, can be grown on c-GaN/sapphire templates. 
The side facets of these walls are found to be r-planes of wurtzite InN. Bandgap of the film is 
observed to be Burstein-Moss shifted, which is likely to be due to high background electron 
concentration. XPS studies suggest the formation of positive depletion regions below the r-
plane side facets of the walls. Note that the finding is different from c-plane InN epilayers, 
where electron accumulation is often reported below the top surface.   
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